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Summary
In the leaf epidermis, intricately lobed pavement cells use
Rho of plants (ROP) small GTPases to integrate actin and
microtubule organization with trafficking through the secre-
tory pathway [1–5]. Cell signaling occurs because guanine
nucleotide exchange factors (GEFs) promote ROP activation
and their interactions with effector proteins that direct the
cell growth machineries [6]. In Arabidopsis, SPIKE1 (SPK1)
is the lone DOCK family GEF [7, 8]. SPK1 promotes polarized
growth and cell-cell adhesion in the leaf epidermis; however,
its mode of action in cells is not known. Vertebrate DOCK
proteins are deployed at the plasma membrane [9, 10]. Like-
wise, current models place SPK1 activity and/or active ROP
at the plant plasma membrane and invoke the localized
patterning of the cortical cytoskeleton as the mechanism
for shape control [1, 4, 6, 11]. In this paper, we find that
SPK1 is a peripheral membrane protein that accumulates
at, and promotes the formation of, a specialized domain of
the endoplasmic reticulum (ER) termed the ER exit site
(ERES). SPK1 signals are generated from a distributed
network of ERES point sources and maintain the homeo-
stasis of the early secretory pathway. The ERES is the loca-
tion for cargo export from the ER [12]. Our findings open up
unexpected areas of plant G protein biology and redefine the
ERES as a subcellular location for signal integration during
morphogenesis.
Results and Discussion
Arabidopsis SPK1 Is a Peripheral Membrane Protein that
Colocalizes with Rho of Plants at Intracellular Puntae
Cotyledon pavement cells undergo a synchronized lobe
formation and cell expansion process that is clearly altered
in spk1,wave, and arp2/3mutants [13]. In both rapidly expand-
ing (Figures 1A and 1B) and nongrowing (Figure 1C) pavement
cells, a specific SPIKE1 (SPK1) antibody (Figures S1A–S1C,
available online) detected punctate structures with a mean
diameter of 515 6 271 nm (mean 6 standanrd deviation [SD])
that were often broadly distributed over faint clouds of
diffuse SPK1 signal. SPK1 was detected in the nucleus (Fig-
ures 1D–1F) and as less abundant, larger cylindrical structures
of unknown function that protruded toward the central vacuole
(Figure 1A, inset). At three days after germination (DAG), pave-
ment cells had a stronger diffuse signal in trans-vacuolar
strands and along the cell perimeter that may reflect the*Correspondence: dszyman@purdue.edugreater cytosolic volume of these less vacuolated cells. In
leaf pavement cells, SPK1 had both a punctate and peripheral
localization (Figures S1D–S1F), the latter partially colocalized
with the plasma membrane marker PHOT1-GFP (Figures
S1O–S1Q) [14]. Surprisingly, SPK1 punctae were quite
uniformly distributed in pavement cells. For example, the
mean density of SPK1 particles in the central apical domain
of pavement cells was 0.9 6 0.1 particles/mm2 and this value
was not significantly different from the particle densities
measured in the lobes and in the basal cortex of expanding
pavement cells (Figures S1D–S1F and Table S1). Although
we cannot rule out a pool of plasma membrane-associated
SPK1, the punctate localization of SPK1 is not an artifact of
disruption of the plasma membrane or endoplasmic reticulum
(ER) systems because image planes of the upper and medial
cell surface reveal that GFP-fusion proteins that mark these
compartments retain their overall structure during our labeling
protocol (Figures S1G–S1Q).
We found that SPK1 punctae were the result of a peripheral
association with cell membranes. In cell fractionation experi-
ments using leaf extracts, more than 99% of SPK1 was distrib-
uted between organelle and crude microsome fractions, with
only trace amounts being detected in the soluble fraction (Fig-
ure 1G). SPK1 was tightly associated with microsomes but
had the properties of a peripheral membrane protein because
itwascompletelysolubilizedby6Murea, incontrast to thesingle
membrane-spanningsyntaxinKNOLLE thatwasnot (Figure1H).
BecauseendogenousSPK1-Rhoofplants (ROP)complexes are
detected in microsomal but not cytosolic fractions [8], one
would expect ROP to be present at SPK1 punctae. In pavement
cells, ROP localization is complicated. Type I ROPs are preny-
lated and their C termini are posttranslationally modified on
the surfaceof theER [15].According to results usingGFP-fusion
proteins,mostGFP-ROPaccumulates at the plasmamembrane
after departure from the ER. To detect ROPs in Arabidopsis
pavement cells, we affinity purified two different ROP anti-
bodies, both of which labeled the cell periphery and the same
punctate structures (Figures S1R–S1T). The peripheral ROP
signal in leaf pavement cells was consistent with a plasma
membrane localization (Figure 1L). However, intracellular pools
of punctate ROP that appear to define internal organelle
surfaces have also been reported in antibody labeling and
GFP-ROP localization studies [16–19]. Double labeling of
SPK1 and ROP (Figures 1I–1K) detected a 56% colocalization
after subtraction of chance colocalization signals [20]. This level
of colocalization was highly significant (p < 2 3 10232) when
compared to randomized SPK1 and ROP particles with an
equivalentdensity.Asastandard for comparison, theprocedure
that we used to calculate chance colocalization subtracted
11% 6 5% (mean 6 SD) of the overlap between two identical
SPK1 images that were analyzed in two separate channels.
The SPK1 punctae are abundant and contain a large cellular
poolofSPK1thatcolocalizeswithROP.Althoughguaninenucle-
otide exchange factor (GEF)-independent functions for SPK1
mayexist, previousworkdemonstratedGEFactivity for thepuri-
fiedDHR2domainofSPK1and the importanceof thisconserved
domain in vivo [8]. The simplest explanation is that SPK1
punctae correspond to subcellular locations of ROP activation.
Figure 1. A Punctate Colocalization of SPK1
and ROP in Expanding Pavement Cells
(A–C) SPK1 localization pattern is not signifi-
cantly changed at different stages of epidermal
cell growth. SPK1 localization in 3 DAG (A),
5 DAG (B), and 12 DAG (C) cotyledon pavement
cells. A maximum Z projection of the upper half
of the cell is shown in each panel. (A, inset) An
xz view of a large SPK1 puncta is indicated by
the arrow and reveals a cylindrical structure
oriented toward the central vacuole.
(D–F) SPK1 is localized to the nucleus. (D) Immu-
nolabeling of SPK1 in the nucleus. (E) Staining of
the nucleus by propidium iodide (PI). (F) Overlay
of (D) and (E).
(G) Cellular fractionation of SPK1. Different
fractions of cell extracts were loaded by equal
proportion (except lane 6) and blotted with anti-
SPK1. The same membrane was reprobed with
anti-PEP carboxylase antibody.
(H) Solubilization of membrane-associated SPK1
protein by different reagents. Pellet fractions
after solubilization and recentrifugation are
shown.
(I–K) SPK1 colocalizes with ROPs in leaf
pavement cells. Single image plane from the
cortical region of a pavement cell labeled with
anti-SPK1 (I), anti-ROP (J), and the overlay (K).
(L) Peripheral localization of ROP. Single optical
section from the medial plane of a pavement
cell. The abbreviation vac denotes the large
central vacuole.
The scale bars represent 10 mm in (A–C) and (L),
2 mm in (A inset); and 5 mm in (I–K). See also
Figure S1 for antibody characterizations and
Table S1 for SPK1 particle density measure-
ments.
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To learn more about potential endomembrane functions for
SPK1, we separated crude leaf cell microsomes on continuous
sucrose gradients and analyzed the distribution of SPK1
relative to known organelle markers (Figure 2A). In leaf micro-
somes, the known ER resident proteins SEC12 and PDI were
located in the densest fractions near the bottom of the
gradient. The ER fractions were well resolved from other com-
partment markers, including those for the plasma membrane
and the Golgi (Figure 2A). SPK1 signal overlapped significantly
with the ER markers (Figure 2A). As further proof for ER
localization, EDTA-stripping of ribosomes from rough ER
reproducibly caused a clear shift of both SEC12 and SPK1 to
less dense fractions on the gradient (Figure 2B and Figures
S2A and S2B).
The cell fractionation and localization data suggested that
SPK1 punctae defined subdomains of the ER. The mean size
and density of SPK1 punctae were very similar to the values
reported for endogenous ER exit site (ERES) in tobacco BY-2
cells [21]. At the ERES, plant cells use a conserved group of
signaling and structural proteins to assemble coat protein
complex II (COPII)-coated vesicles that traffic protein and lipid
to the Golgi apparatus [22]. Antibodies raised against known
Arabidopsis ERES proteins SEC12 and SAR1 are specific
[21, 23] and label hundreds of punctae in developing Arabido-
posis pavement cells (Figures 2D and 2G). Fluorescent protein
fusions to SEC12 are distributed throughout the ER [21, 24].
The punctate distribution of SEC12 that we observed probablyreflected a subpool of SEC12 that was resistant to detergent
extraction during our localization protocol. As expected for
known ERES proteins, SAR1 and SEC12 clearly colocalized
(Figures S2F–S2H). A pool of SPK1 localized to putative
ERES, because SPK1 punctae showed a highly significant
level of overlap with SEC12 (Figures 2C–2E, 52% 6 12%,
mean 6 SD, p < 1 3 10223), SAR1 (Figures 2F–2H, 34% 6
8%, p < 1 3 10224), and SEC13 (Figures S2C–S2E, 31% 6
11%, p < 1 3 10215). Colocalization of SPK1 with ERES
markers was also observed in leaf mesophyll cells (data not
shown). We also found that ROP was localized to these ER
subdomains because 51% of the ROP signal colocalized
with SAR1 (Figures S2I–S2K).
In plant cells, the ERES is a subdomain of the ER that
generates COPII-coated vesicles [25]. Plant cells do not
appear to utilize an intermediate compartment to traffic vesi-
cles between the ER and the Golgi. Instead, ERES may exist
as mobile secretory units that physically associate and move
with Golgi bodies [24]. However, immunolocalization data
suggest that ERES are more abundant than the Golgi and
that the two compartments only partially overlap [21]. We
examined the extent to which SPK1 punctae overlapped with
the Golgi, using the YFP-tagged soybean a-1,2 Mannosidase I
(YFP:ManI) [26] as a cis-Golgi marker. We found that SPK1
punctae were more abundant than the Golgi, and there was
no significant colocalization (Figures 2I–2K); however, we did
observe numerous occasions in which SPK1 punctae were
adjacent to Golgi bodies (Figure 2K, arrows). These results
Figure 2. SPK1 Localizes to a Subdomain of the
ER Termed the ER Exit Site
(A) Western blots of microsomal fractions sepa-
rated on sucrose density gradients. Each fraction
was blotted with antibodies against proteins that
localize to specific organelles and anti-SPK1
antibody. Mannosidase, VPS45, RabA-4b, ASP,
H+-ATPase, and SYP21 were used as markers
for Golgi, TGN, TGN and post-Golgi vesicles,
vacuole, plasma membrane, and prevacuolar
compartments, respectively.
(B) Dissociation of ribosomes from the ER using
EDTA shifts the distribution of SPK1 and SEC12
from high (24 to 29) to lower (20 to 26) sucrose
density fractions.
(C–E) Arabidopsis wild-type leaf pavement cell
labeled with anti-SPK1 and anti-SEC12 anti-
bodies. Single image plane from the cortical
region of a pavement cell labeled with anti-
SPK1 (C), anti-SEC12 (D), and the overlay (E).
(F–H) Arabidopsis wild-type leaf pavement cell
labeled with anti-SPK1 and anti-SAR1 anti-
bodies. Single image plane from the cortical
region of a pavement cell labeled with anti-
SPK1 (F), anti-SAR1 (G), and the overlay (H).
(I–K) Arabidopsis pavement cell expressing YFP:
ManI labeled with anti-SPK1 antibody. Single
slice image from the cortex region of the epi-
dermal cell labeled with anti-SPK1 (I), expressing
YFP:ManI (K), and the overlay (K). Arrows in (I–K)
indicate example regions of SPK1 punctae close
to Golgi.
The scale bars represent 5 mm. See also Figure S2
for the effect of Mg2+ on SPK1 distribution on
sucrose gradient; the double labeling of SPK1
with SEC13 in pavement cells; double labeling of
SAR1withSEC12andSAR1withROP; and immu-
nolabeling of SAR1 and SEC12 in epidermal cells
expressing GFP-HDEL.
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probed with Golgi and ER marker antibodies and clearly indi-
cate that SPK1 is an ER-localized protein. As previously
observed [21], we found that SPK1, SAR1, and SEC12 punctae
were adjacent to but distinct from the ER that is labeled with
the GFP-HDEL marker (Figures S1G–S1I and S2L to S2Q).
Importantly, there are numerous specialized domains of the
ER [27], and it remains to be determined whether all of the
SPK1 punctae correspond to ERES that participate in vesicle
trafficking between the ER and the Golgi.
SPK1 Promotes ERES Assembly but Does Not Block ER
Export
Given that a pool of SPK1 colocalized with SEC12 and SAR1,
two proteins with regulatory functions during COPII-coated
vesicle formation [23], we tested for an effect of SPK1 on thedistribution or number of putative
ERES labeled with SAR1. Compared to
the particulate distribution of SEC12
and SAR1 in the wild-type (Figures 3A
and 3C), spk1 cells displayed a more
diffuse signal with a reduced number
of discernable punctae (Figures 3B
and 3D). To rule out the trivial explana-
tion that SEC12 was solubilized from
the membrane or that the GDP-bound
nucleotide status of SAR1 released itinto a soluble fraction [23], we measured the microsome
association of both proteins in cell fractionation experiments.
We found that in both wild-type and spk1 cell extracts, SEC12
and SAR1 partitioned completely into the microsome fraction,
unlike PEPC, a known cytosolic enzyme (Figure 3E). There-
fore, spk1 does not affect the membrane association of
either COPII component; rather, it promotes their local
concentration into specializedmembrane domains. This result
is important because ERES number/cell varies greatly
between organisms and cell types, and in general the genetic
and biochemical basis of its control are poorly understood.
Future experiments will examine the possibility that SPK1
locally concentrates COPII proteins at the ER surface, either
through direct physical interactions or by defining a special-
ized membrane environment in the ER that promotes COPII
assembly.
Figure 3. SEC12 and SAR1 Localization Are Altered in spk1 Cells
(A and B) Single image plane from the upper cortex of 3 DAG cotyledon pavement cells labeled with anti-SEC12 in either punctate (Col) (A) or more diffuse
patterns (spk1) (B).
(C and D) Single image plane from the upper cortex of 3 DAG cotyledon pavement cells labeled with anti-SAR1 antibody in either punctate (Col) (C) or more
diffuse patterns in spk1 (D).
(E) Membrane association of SAR1 and SEC12 in 3 DAGwild-type (lane 1 and 2) and spk1 (lane 3 and 4) cotyledon cells. a-PEPC is positive control for soluble
fraction and a-SPK control demonstrates lack of protein in mutant.
The scale bars represent 10 mm. See also Figure S3 for the FRAP analysis of YFP:ManI trafficking in wild-type and spk1 pavement cells.
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2147The punctate ER localization of SPK1 and the COPII locali-
zation defect of the mutant suggested that SPK1 could partic-
ipate in some aspect of ERES assembly and/or trafficking
between the ER and Golgi. However, nonessential functions
of SPK1 at ERES are expected because, unlike spk1, muta-
tions that efficiently block COPII are lethal [28]. We used
fluorescence recovery after photobleaching (FRAP) to
measure the exchangeable pool of Golgi YFP:ManI and the
rate at which it accumulates to a steady state in the Golgi.
In 3 DAG cotyledons, photobleached Golgi from wild-type
and spk1 cells displayed a clear time-dependent increase in
YFP:ManI fluorescence compared to neighboring unbleached
controls (Figures S3A and S3B). The normalized time-depen-
dent FRAP signal of wild-type and mutant cells was reproduc-
ible (Figures S3E and S3F) and could be fitted equally well to
a single phase exponential association equation that was
used to calculate the mean half-times of recovery (t1/2) and
the size of the exchangeable pool. In spk1 cells, we detected
a small decrease in the exchangeable pool of Golgi-localized
YFP:ManI (Figures S3A, S3B, S3E, S3F, and S3J), that became
obvious at later developmental stages (Figures S3C, S3D,
S3G, S3H, and S3J). The t1/2 values for spk1 (154 6 26 s,
mean 6 SD) and wild-type cells (170 6 43 s, mean 6 SD)
did not differ (Figure S3I), and the values for both were similar
to those reported for another Golgi resident enzyme in
tobacco leaf cells [29]. Apparently, the SEC12 and SAR1
localization defects in spk1 were not sufficient to cause
a global and easily detectable ER export defect. Perhaps
SPK1 affects the trafficking and/or recycling of subsets of
cargo between the ER and Golgi, and our arbitrary choice of
YFP:ManI for the trafficking assay fails to reveal the nature
of this activity. It may be that the reduced exchangeable Golgi
pool in spk1 reflects a clog in the Golgi that is caused by
defective retrograde transport and the failure to efficiently
recycle specific cargo or cargo receptors at the ER-Golgi
interface.
ER Functions for SPK1 that Are Independent
of the WAVE/ARP2/3 Pathway
To better understand the importance of SPK1 in the early
secretory pathway, we tested for additional defects in the
physiology of the ER. In leaf epidermal cells, the cortical ER
exists as a network of interconnected tubules and cisternae
(Figure 4A). In spk1, the ER network was less tubulated and
consisted of a dense network of fenestrated sheets (Figure 4B).In yeast, dilated ER cisternae are characteristic of secretion
mutants, some of which affect COPII-dependent trafficking
[30]. High-pressure freeze fixation and electron microscopy
of thin sections from wild-type and spk1 pavement cells
detected highly variable diameters of the ER lumen in the
mutant (Figures 4C and 4D). The mean diameter of transverse
sections through the rough ER of spk1 (1896 137 nm, mean6
SD) was significantly greater than that of the wild-type (132 6
43 nm, mean 6 SD) (p < 0.01). We did not detect a difference
in the diameter of the smooth ER. Although the vacuoles of
spk1 pavement cells were occasionally smaller than those
of the wild-type, we did not detect any clear defects in
the morphology of the Golgi or other endomembrane
compartments.
Plant cells utilize conserved ER stress response signaling
pathways to sense imbalanced protein export, attenuate
translation, and increase the protein folding capacity of the
ER. Dilation of the ER could result from a failure to export or
degrade unfolded proteins or subsets of secreted proteins. If
so, one might expect to detect an activation of the ER stress
response. We measured the steady state mRNA levels of
several known ER stress response genes as well as two cold
and osmotic stress response genes, CBF1 and COR47 [31].
In spk1 seedlings, the ER stress response genes were specif-
ically elevated by factors ranging fromw4 tow9 compared to
wild-type plants (Figure 4E). Another known marker for ER
stress and translational attenuation is hyperphosphorylation
of eIF2a [32]. Consistent with the notion that the ER stress
response is constitutively activated in spk1, eIF2a was
hyperphosphorylated compared to the wild-type (Figure 4F).
However, the transcriptional ER stress response was not
saturated in spk1becausewhen treatedwith the protein glyco-
sylation inhibitor tunicamycin, both wild-type and mutant cells
had similar levels of marker gene induction compared to
untreated controls (Figures S4A and S4B). To test for the
involvement of ROP in the ER stress phenotype, we measured
the panel of ER stress marker genes in transgenic lines that
overexpress dominant-negative (DN) and constitutively active
(CA) forms of ROP [33]. The ER stress markers were strongly
upregulated in DN-rop2 lines but varied randomly in the
CA-rop2 lines (Figure S4C). These data provide additional
support for the hypothesis that spk1 ER phenotypes are
caused by defective activation of ROP.
If SPK1 maintains efficient protein trafficking in the early
secretory pathway, one might expect that the mutant would
Figure 4. Activation of the ER Stress Response in spk1
(A and B) Single image plane from the upper cortex of 3 DAGwild-type (A) or
spk1 (B) cotyledon pavement cells expressing the GFP-HDEL ER marker.
(C and D) High-pressure freeze transmission electronmicroscopy images of
4 DAG wild-type (C) or spk1 (D) cotyledon pavement cells.
(E) Real-time PCR quantification of the expression level of ER and abiotic
stress induced genes in spk1 and dis2(arpc2) relative to the wild-type in
3 DAG cotyledons. ACT2 gene was used as the internal control.
(F) eIF2a is hypherphosphorylated in 3 DAG cotyledons of spk1 (lane 2)
compared with the wild-type (lane 1).
(G) spk1 is hypersensitive to tunicamycin. Recovery of wild-type, spk1, and
dis2(arpc2) seedlings after treatment with 0.17% DMSO or 2.5 mg/ml
tunicamycin for 1 hr.
Arrowheads in (A) and (B) indicate ER bodies. In both (C) and (D), arrows
indicate ER tubules and CW denotes cell wall. The scale bars represent
10 mm in (A) and (B) and 500 nm in (C) and (D). See also Figure S4 for
the induction of ER stress response genes by tunicamycin and the
expression of ER stress response genes in CA-rop2 and DN-rop2 mutants.
See Table S2 for the list of the oligonucleotide primer sequences.
Current Biology Vol 20 No 23
2148be hypersensitive to tunicamycin. The wild-type plants were
not noticeably affected but when treated under identical
conditions, 100% of the spk1 plants died (Figure 4G). The
WAVE-ARP2/3 branch of SPK1 signaling was not involved in
ER homeostasis because the ARP2/3 null mutant dis2 [34]
was not hypersensitive to tunicamycin (Figure 4G) and did
not display constitutive upregulation of ER stress responsegenes (Figure 4E). Therefore the ER-related phenotypes of
spk1 define a clear bifurcation of SPK1 signaling activities.
Implications for the Subcellular Control of ROP Signaling
In conclusion, we find that SPK1 functions at discrete punctae
on the surface of the ER. The ER morphology and trafficking
phenotypes of spk1 point to its importance in the early
secretory pathway. Genetic and biochemical data suggest
that ROP activation is the primary function of SPK1 [8]. Our
analyses of ROP localization and the ER stress response
caused by DN-rop2 suggest that SPK1 activities at ERES are
linked to its GEF activity and ROP signaling. These results
expand cellular models of ROP signaling that presume the
plasma membrane to be the sole location for ROP activation
and signaling. SPK1 also appears to promote ERES formation.
This activity could reflect a form of positive autoregulation in
which SPK1 promotes the formation of its own subcellular
signaling domain. Further research into the interactions
between SPK1 and components of the ERES may help to
clarify the poorly understood cellular control of the number,
spacing, and activity of this specialized domain of the ER
[35, 36]. The plant ERES may be a strategic location where
SPK1 coordinates vesicle trafficking and cytoskeleton
dynamics. Although the SPK1-dependent cargo at the ER
surface is not known, SPK1 may monitor the flux of misfolded
proteins [37], the assembly of ribonucleoprotein complexes
[38], or the general export load of the ER [21, 35].
In tip growing plant cells [4] and polarized nonplant cells
[39], the activation of ROP/Rac small GTPases and their
effectors is often restricted to specialized cortical domains in
the cell. However, in growing pavement cells, we find no
obvious correlation between the density and location of
SPK1 punctae and cell shape. Given that the cellular control
and geometry of pavement cell shape change is poorly under-
stood, one can only speculate about how SPK1 localization
relates to morphogenesis. Perhaps ERES form a latent distrib-
uted network of point sources for ROP activation and only
subsets of SPK1 punctae are actively signaling. However,
the colocalization of SPK1 and ROP is extensive, and if this
defines active pools of SPK1, ERES could be locations for
constitutive SPK1 signaling. In this scenario SPK1 could
have general effects on the partitioning of ROP-GTP into
specialized membrane domains [19]. In addition, different
classes of effectors with ROP-GTP-dependent subcellular
targeting could convert distributed SPK1 signals into localized
cellular responses. Further experiments that integrate SPK1
signaling and shape change in different epidermal cell types
will help to define how ER-localized signaling complexes coor-
dinate growth control pathways that operate at distinct cellular
compartments.
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Supplemental Information includes Supplemental Experimental Proce-
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